[2] A well-established feature of substorms is the rapid 33 earthward transport of particles from the plasma sheet to the 34 inner magnetosphere [Moore et al., 1981; Reeves et al., 35 1996; Sergeev et al., 1998 ]. Evidence is mounting that 36 plasma bubbles (flux tubes with lower entropy than their 37 neighbors) play a central role in the process of particle 38 injection [Lyons et al., 2003; Apatenkov et al., 2007] . (Here 39 the entropy is characterized by the parameter PV 5/3 , where P 40 is pressure and V = R ds/B is the volume of a tube of unit 41 magnetic flux.) earthward bursty bulk flows have also been 42 associated with bubbles [Sergeev et al., 1996; Kauristie 43 et al., 2000; Nakamura et al., 2005] , mostly somewhat 44 further out in the plasma sheet.
45
[3] Presumably, the bubble is created as the result of an 46 inner or middle plasma sheet event that strongly violates 47 entropy conservation. Candidate mechanisms include recon-48 nection at an X line in the middle plasma sheet [Birn et al., 49 2006], or perhaps tail current disruption [Lui, 1994; Wolf 50 et al., 2009] or some other inner plasma sheet event. Our 51 goal in this paper is not to argue about what specific mech-52 anism causes the sudden violation of entropy conservation 53 but rather to calculate its effect on the inner magnetosphere 54 and the corresponding ionospheric region.
55
[4] This paper reports our effort to represent and under-56 stand the physics of bubble injection using the Rice Con-57 vection Model (RCM). We present results of the simulation 58 of a substorm that occurred 22 July 1998, during which 59 region and resembles a polarization jet or subauroral ion 127 drift (SAID) event [Galperin et al., 1973; Spiro et al., 1974, 128 1979]. SAID and SAPS (subauroral polarization stream) 129 events [Foster and Vo, 2002] driven by the injection of the substorm-associated bubble.
134
[10] 4. Effects of substorm expansion on prompt penetra-135 tion electric fields at low-and midlatitudes are evaluated. phases were established many years ago [McIlwain, 1974;  148 Mauk and Meng, 1983] . Observationally, the substorm interpretation is supported by our simulations which pre-154 dicted the particle injection to be largely limited to the 155 region outside geosynchronous orbit. Of interest, however, 156 is that the simulated plasma sheet inner edge has a charac-157 teristic shape resembling the structure suggested by early 158 injection boundary measurements.
159
[12] The primary goal of this paper is to identify physical 160 effects of injection of a bubble into the inner magneto- observations. We will not emphasize detailed comparisons 168 with observations made during the simulated event, though 169 we will describe those comparisons briefly. we set the expansion phase onset to be at 0655 UT. The for four hours prior to that, in order to bring the code to 177 approximate equilibrium. The input magnetic field became 178 more dipolar over a 5-min interval starting at 0655 UT.
179
Following dipolarization, the code was run for another half 180 hour with nearly constant inputs, and no further depolarization,
181
to determine how inner magnetospheric conditions evolve.
182
[14] Figure 1 provides 
where F ion is the potential in the rest frame of the ionosphere, were discussed in the paper on our earlier RCM simulation
222
of an idealized substorm [Zhang et al., 2008] . In section 3
223
we present a more detailed discussion of several significant 224 physical features that appeared in our simulation of the 22
225
July 1998 substorm event. , and 5-kV spacing, respectively. Positive and negative potentials are indicated with solid and dashed lines, respectively. Birkeland current is positive down into the ionosphere. Corotation is included in the effective potential shown in Figures 1a-1f but not in Figures 1g-1l . In each snapshot, the dayside is on the left and dawn is at the top. The purple solid curves denote geosynchronous orbit in Figures 1a-1f and inner and outer boundaries in Figures 1g-1l . 
235
[17] During the magnetic field dipolarization, the induc-236 tion electric field is westward in the midnight sector. It is 237 stronger than the potential electric field for X < À12 but 238 comparable in the nearer-Earth region that is of primary 239 interest for this study. The potential electric field near mid-240 night, though more structured because it was computed self-241 consistently, is also predominantly westward for X > À12.
242
The induction electric field was computed from our time 250 directed oppositely, i.e., dawn to dusk. When the two electric 251 fields are combined (Figure 2c ) a rather complicated pattern 252 is obtained. It is important to note that these results indicate 253 that the standard practice of using a potential electric field to 254 represent the inner magnetospheric electric field is untenable 255 when the magnetic field is dipolarizing near substorm onset.
256
[18] Figure 3 shows the total electric field, analogous to 257 Figure 2d , but for 0704 UT, a time after the imposed 258 dipolarization. At this time there is no induction electric field 259 and the potential electric field has changed in an interesting 260 way, with the development of a narrow region of enhanced 261 westward drift (a so-called SAID event) in the premidnight 262 sector at L % 7.
263
[19] There is scant observational evidence concerning 264 inner magnetospheric flows in response to substorms. How-265 ever, Nishimura et al. [2008] recently reported a rapid 266 increase in westward flow in the premidnight inner magneto-267 sphere within 30 s after a substorm onset, which seems to be 268 consistent with the electric fields shown in Figure 3 , although 269 in our simulation the flow peaked a bit outside geosyn-270 chronous orbit, and their CRRES observations were at L = 271 5 -6.4. The difference may be due to the fact that our sim-272 ulated event occurred in quieter conditions than the sub-273 storms reported by Nishimura et al. [2008] . However, 274 Nishimura et al. [2008] cited only one event with quick 275 response to substorm onset, so it is certainly not convincing 276 confirmation of the simulation results. [20] For completeness, some discussion is needed con-279 cerning the validity of RCM-calculated equatorial electric 280 fields for substorm conditions. Although the potential electric 281 field is calculated carefully and self-consistently within the 282 RCM, the induction field depends on an input model of the 283 substorm current wedge. As discussed in Paper 1, parameters 284 of the substorm current wedge were chosen to fit measure-285 ments at one point (Geotail), at X % À9, Y % 0. Thus, 286 calculated induction electric fields far from that point lack 287 substantial observational or theoretical support. 328 the equatorial crossing point of the field line starts moving 329 earthward and the time when the ionospheric end starts 330 moving toward the equator. In the filament simulation, it 331 takes 3 -4 min for the ionospheric end to fully ''catch up'' 332 with the magnetospheric end. Naïve use of the Vasyliunas 333 equation would imply a faster motion of the ionospheric end 334 of the field line. However, use of that equation gets the total 335 motion and R E y dt, integrated over $3-4 min, right. This 336 means that it should also get the time-integrated Birkeland 337 currents approximately right. For that reason, even though 338 it cannot properly describe the evolution on a 1-min time 339 scale, the RCM can still provide valuable insight into the 340 problem of substorm expansion.
341
[23] The RCM shows ionospheric motions occurring 342 simultaneously with motions in the equatorial plane, whereas 343 there should actually be a time delay of a minute or so. The 344 code is also unable to describe oscillations with periods of 345 $2 min which are observed in the Geotail data during 346 dipolarization. (See, e.g., V x and E y in Figure 4 of Paper 1.) 347 Still, however, the approximations used in the RCM allow 348 it to get the most important time integrals correct. Specifi-349 cally, for modeling injection into the inner magnetosphere, 350 the key parameters are the total amount of magnetic flux in 351 the injected bubble and the distribution function f (l) of 352 plasma in the bubble. Our estimates of those parameters are 353 highly constrained by Geotail measurements and are there-354 fore not dependent on precise modeling of the rapid recon-355 figuration of the plasma sheet at the beginning of the 356 expansion phase. Specifically, Geotail measures R E y dt, 357 which differs from the flux in the bubble by an effective 358 width Dy, which must be estimated from other observations. 359 In addition, Geotail measures particle pressure and density, 360 which can be used to estimate f (l) using a magnetic field 361 model and assuming isotropy.
362
[24] Our assumption of bounce equilibrium could become 363 inaccurate during the dipolarization. Nonadiabatic heating 364 would cause the entropy to increase. To get a rough estimate 365 of the seriousness of that effect, we calculated the effects 366 of rapid compression of an ideal gas in a cylinder with a 367 piston that is compressing the gas. There is no change in field, which is a data-driven input to the RCM and not the 391 result of any self-consistent calculation. [27] Before substorm onset, region 1 currents all lie pole-404 ward of the RCM modeling region, and region 2 currents 405 are weak. After 0655 UT, region 1 sense currents form on 406 the eastern and western edges of the bubble. Ionospheric 407 closure of these currents produces a strong westward poten-408 tial electric field across the bubble. In that field, the region 2 409 currents move earthward near midnight and strengthen. . (a) Potentials and Birkeland currents near local midnight at 0657 UT, near the beginning of the expansion phase. Contour spacing is 2 kV, and negative potentials are dashed; colors indicate Birkeland current, and red arrows show direction of E Â B drift. The xi and yi coordinates are sinq cos8 and sinq sin8, respectively, where q is colatitude in degrees and 8 is a local time angle that is equal to zero at local noon, p/2 at dusk, p at midnight. . . Thus the Sun is to the left. (b) Radar-measured velocities and inferred equipotentials (3 kV spacing, adapted from Grocott et al. [2006] ). (c) IMAGE/FUV data superimposed on the same equipotential pattern (adapted from Grocott et al. [2006] 
Prompt Penetration Electric Fields Associated

550
With Substorm Onset
551
[36] We use the term ''prompt penetration electric field'' 552 to refer to electric field effects that occur in the low-and 553 midlatitude ionosphere (Equatorward of SAPS/SAID) as a 554 prompt response (within a few minutes) to something that 555 happens in the magnetosphere. The RCM simulation 556 described in this paper provides an initial theoretical predic-557 tion of the prompt penetration response to bubble-associated 558 substorm onset.
559
[37] Figure 6a gives an expanded view of the auroral 560 and subauroral ionosphere near local midnight. Figure 6 561 indicates that, at midnight, E Â B drift is Equatorward in 562 the auroral zone and for $2°Equatorward of the Birkeland 563 current cutoff, apparently the effect of Birkeland currents 564 on the sides of the current wedge. Equatorward of that, the 565 flow has a poleward component, as in an overshielding 566 (dusk-to-dawn directed electric field) situation [e.g., Kelley 567 et al., 1979] . Both in the lower auroral zone and in the 568 nearby subauroral region, E Â B drifts outside the bubble 569 are strongly eastward or westward, away from the bubble.
570
[38] Figure 8 shows the prompt penetration electric 571 potential pattern obtained in our substorm onset simula-572 tion. This is an overshielding-type RCM pattern, but more 573 concentrated on the night side than the pattern found in 574 standard RCM runs, where the overshielding is caused by 575 a polar cap potential drop decrease [e.g., Spiro et al., 1988] .
576
[39] Figure 9 shows the temporal growth and decay of the 577 local time profile of eastward ionospheric electric fields at 578 two latitudes (the Equatorward boundary of the RCM 579 (%10°, Figure 9 (top)) and at midlatitude (45°, Figure 9 580 (bottom))). The strongest fields are confined to the nightside 581 and terminator regions and the fields are weaker near the 582 equator than at midlatitudes.
583
[40] Our simulation suggests that substorm onset may 584 cause short-duration overshielding-type prompt penetration 585 electric fields below the auroral zone, particularly at mid-586 latitudes on the nightside. In the simulation the bubble 587 injection pushes the equatorward edge of the plasma sheet 588 to lower latitudes ahead of the bubble, which increases 589 region 2 currents in that area. The strengthened region 2 590 currents give rise to an eastward (overshielding) electric 591 field more than 2-3°equatorward of the region 2 currents.
592
The bubble creation mechanism for overshielding is very 593 closely related to the magnetic reconfiguration mechanism 594 suggested by Fejer et al. [1990] . That paper emphasized Dashed equipotentials are negative. The coordinates are X = q cos8, Y = q sin8, where q is in degrees. The Sun is to the left. Colatitudes below 30°are blocked out to emphasize electric field penetration to low latitudes.
648 proportional to h.) Figure 10 shows the evolution of the H + 649 distribution function through the bubble injection at the same 650 six times as Figure 1 , for three different RCM invariant 651 energy channels. Black contours show the effective potential, 652 defined by
655
[43] Figure 10 clearly shows that gradient/curvature drift 656 has greater effects on the drift path of particles with higher 657 energies. The inner magnetospheric injection of H + with 658 kinetic energy at geosynchronous orbit of 700 eV in the 659 depleted channel is almost entirely controlled by the E Â B 675 the depletion channel. This tongue represents higher-energy 676 plasma sheet ions that were just earthward of the bubble at 677 onset. Dipolarization of the magnetic field carried them 678 earthward, and they subsequently moved to the west as 679 gradient/curvature drift began to dominate.
680
[44] Figure 11 shows the proton pressure distribution (P p ) 681 along the midnight meridian on the equatorial plane at the 682 same six times as Figures 1 and 10 . The inner localized P p 683 peak at X = À2.9 R E represents the center of the quiet time 684 ring current, which was installed as an initial condition and Figure 10 . Format is similar to Figure 1 , but color snapshots of h s , which is number of particles per unit magnetic flux per invariant energy channel, and effective equipotentials (black contours) for H + with energy invariants l s = (a-f ) 0.1, (g -l) 4.7, and (m -r) 18.6 keV(R E /nT) 2/3 , corresponding to approximate energies at geosynchronous orbit of 700 eV, 33 keV, and 130 keV, respectively. (The distribution function is proportional to h s .) Note that the h s scales of the color bar are different by a factor of 10 or 100. Corotation is included in the effective potential. Equipotentials have the same 5-kV spacing.
685 changes very little during the simulated bubble event. At 686 the end of the growth phase (i.e., at 0655 UT), the outer 687 P p peak, due to the particles that have entered the RCM 688 modeling region through the tailward boundary, is located 689 at X GSM = À8.4 R E and has a value of only 1.4 nPa. Over 690 the next three minutes, the peak value more than triples 691 and moves $1 R E closer to the Earth. After the dipolari-692 zation and strong bubble injection are complete, the peak 693 gradually declines. The results shown in Figure 11 (top) 694 resemble those of Zhang et al. [2008] , but with the following 695 two differences: (1) the present event is much weaker, so the 696 pressure peak shown in Figure 11 is weaker and further 697 from Earth and (2) the new results give a more realistic 698 pressure profile overall, because a quiet time ring current 699 was included in the initial condition. The dual peak config-700 uration of the pressure is consistent with observations during 701 individual substorm events [e.g., Kistler et al., 1992] and at 702 various times in a magnetic storm [Lui et al., 1987] , although 703 the statistical pressure profile is generally monotonic [e.g., the bubble (yellow region in Figure 13) has not yet entered Figure 11 . (top) Equatorial proton pressure (P p ) and (bottom) equatorial magnetic field, both along the midnight meridian. Pressure is shown for six times, but magnetic field is shown only for four because the magnetic field remains constant after 0700 UT.
765 to a small range of local times near midnight. Its shape 766 resembles the injection boundary ( Figure 14) originally 767 proposed many years ago to explain the substorm-associated 768 dispersion patterns observed from locations at, and some-769 times earthward of, geosynchronous orbit [McIlwain, 1974; 770 Konradi et al., 1975; Mauk and Meng, 1983] . In our 771 simulation, the dented-in shape of the inner edge results 772 from the superposition of the induction electric field and 
780
[ 1981] . Modeling with the RCM has finally advanced to Figure 12 . The injection process viewed in terms of equatorial particle pressures near local midnight at six different times.
781 the point where it can incorporate reasonably realistic time-782 dependent induction fields with self-consistently computed 783 potential electric fields. . The format is the same as Figure 12 .
796 not computed self-consistently. We did an RCM run that was 797 identical to the main one described in this paper, except 798 that we did not reduce the midnight region PV 5/3 on the 799 RCM boundary at onset and did not correspondingly 800 change the distribution of potential along that boundary. 801 The results differed from those presented earlier in several 802 ways. There were no region 1 currents within the RCM 803 modeling region during the early expansion phase. Birkeland 804 currents were very weak tailward of the inner edge region, 805 because PV 5/3 was nearly uniform there. Consequently there 806 was no concentration of westward ionospheric electric field 807 in the center of the substorm. The peak eastward prompt 808 penetration electric fields were 2 -3 times stronger than the 809 ones shown in Figures 8 and 9 , because there were no strong 810 region 1 sense currents on the sides of the wedge region, to 811 partly balance out the strengthened region 2. Since there was 812 no Equatorward-moving bubble, there was no need for 813 plasma to move out of the way, and consequently there was 814 no SAID. By the end of the dipolarization, plasma sheet 815 pressures were higher in the midnight region beyond $7 R E 816 than in the main run (because of the lack of depletion). 817 The pressure peak had about the same magnitude but was 818 not highly concentrated near local midnight and was further 819 tailward ($7.5 R E rather than $6.3 R E ). Compare Figure 15 820 with Figure 12d . The overall conclusion is that the reduc-821 tion in PV 5/3 that was enforced in the main run had a major 822 effect on the earthward injection of plasma and an even electric fields [Fejer et al., 1990] .
856
[54] 4. At onset, the model-computed inner edge of the 857 plasma sheet displays a dent near midnight that resembles Konradi et al. [1975] . Figure 14 . Injection boundary derived from observations. From Mauk and Meng [1983] . Figure 15 . Midnight region pressure distribution for 0700 UT in the bubble-free run (no reduction of PV 5/3 on the boundary). The format is similar to Figure 12 .
914
[64] 8. In setting the RCM's particle boundary conditions, 915 we need to include the contributions from ions above the 916 cutoff energy of the low-energy particle instrument in our 917 estimate of the total ion pressure. This may have caused our 918 calculated substorm-associated Birkeland currents and elec-919 tric fields to be larger than the real ones, as discussed in 920 section 3.3.
921
[65] We essentially drove the RCM with bubble observa-922 tions made by a single magnetospheric spacecraft on 22 
